DNA DSBs are a highly toxic form of DNA damage and a potent cause of genome instability. In eukaryotes, two major pathways exist to repair DSBs: homology-directed repair (HDR) and nonhomologous end-joining (NHEJ). Before actual repair, systems must be in place to detect DNA lesions and to initiate signaling cascades that alter many aspects of cellular physiology. Collectively these DNA-damage responses comprise an intricate network of proteins in a complex choreography of events. Failure to correctly repair DSBs can lead to carcinogenesis as well as neurological and developmental disorders 1 . In addition, radiotherapy and many anticancer therapeutics are based on the killing of tumor cells by DSB induction.
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At the beginning of this dance are two highly conserved multiprotein complexes, MRN (Mre11−RAD50−NBS1) and Ku (Ku70−Ku80), which are considered the primary sensors of DSBs 2, 3 . MRN and Ku complexes are each then thought to recruit and activate a unique member of the phosphatidylinositol 3-kinase-related kinase (PIKK) family of serine/threonine kinases: ATM and DNA-PKcs, respectively 4, 5 . Although much has been learned about how MRN and Ku function in isolation to recruit their respective kinases, little is known about how they may influence each other at DSBs during the damage response in vivo. Furthermore, it remains unclear why in most metazoans two separate kinases function in the DSB response and how activation of either kinase is accomplished in the context of seemingly redundant sensors.
The ATM kinase functions at the apex of the DSB-signaling cascade to coordinate many cellular outcomes; hence, it has a vast network of target substrates 6 . Inherited ATM mutations cause ataxia telangiectasia (AT), a syndrome with diverse sequelae including cancer predisposition, neurodegeneration and immune dysfunction 7 . The current understanding of ATM activation is that the MRN complex functions as the DSB sensor, directly binding DSBs and recruiting and activating ATM 5, [8] [9] [10] [11] [12] (schematic in Fig. 1a) . A role for MRN in the activation of ATM is supported by the AT-like features of human syndromes resulting from MRN mutations, the defective ATM activation observed in MRN-mutant cells and the enhanced ATM kinase activity observed in the presence of MRN in vitro 7, [12] [13] [14] [15] .
The Ku complex also binds DSBs, but it specifically activates the DNA-PKcs kinase; together, Ku and DNA-PKcs make up the DNA-PK holoenzyme 16 . Ku is one of the most abundant cellular proteins, and it exhibits high affinity for double-stranded DNA ends 17 . Unlike the many functions of ATM, the primary role of DNA-PK is direct participation in DSB repair via NHEJ. In this role DNA-PKcs itself is the most well-characterized substrate of the DNA-PK holoenzyme 18 . Mice lacking DNA-PKcs, and those lacking Ku70 or Ku80, are immunodeficient, owing to defective V(D)J recombination, which requires NHEJ 19, 20 .
It is clear that the cellular response to DSBs is a sophisticated web of operations involving many proteins that must be tightly regulated in order to generate the necessary outcome. A deeper understanding of these processes is key to decoding the pathogenesis of cancer and designing successful treatments for this disease. However, unraveling this web is a difficult challenge. To gain mechanistic understanding of the earliest events in the mammalian DSB response, we examined cells lacking one or both of the DSB-sensor complexes. We discovered that removal of Ku in the absence of the MRN complex restores several ATM-dependent responses, thus demonstrating that MRN is not absolutely required for recruitment and activation of ATM.
RESULTS

Generation of MRN-deficient and MRN-and Ku-deficient cells
We disabled the MRN complex through use of mouse embryonic fibroblasts (MEFs) that originally contained one Mre11 null allele (Mre11 − ) and one Cre/LoxP conditional allele (Mre11 cond ) (Fig. 1b) . Exposure to Cre recombinase via adenovirus converted these cells to Mre11 −/− , which also causes deficiency of Rad50 and NBS1 (termed MRN deficiency) ( Fig. 1c and Supplementary Fig. 1 ), presumably because of instability of the proteins in the absence of Mre11 (ref. 14) . Control cells used for experiments were initially Mre11 cond/+ , which we converted to Mre11 −/+ via Cre recombinase in parallel with other genotypes to control for effects of viral delivery of Cre and for LoxP recombination at a target locus. Through mouse breeding, we also generated MEFs of these MRN genotypes combined with germline knockout of Ku70 (Ku70 −/− ). Removal of Ku70 does not require use of a conditional allele, and it causes deficiency of its heterodimeric partner Ku80 (termed Ku deficiency; Fig. 1c and Supplementary Fig. 1 ), as previously described 21 .
Rapid recruitment of MRN and Ku to DNA damage
To gain understanding of the interplay between sensor complexes in the immediate aftermath of DSB induction, we used live-cell imaging to examine localization of MRN and Ku to sites of DNA damage. We used GFP-tagged NBS1 to track MRN recruitment to laser-induced damage in real time. MRN was recruited within 15 to 30 s after damage, and Ku deficiency did not appear to affect its recruitment (Fig. 2a) . To track Ku, we introduced GFP-tagged Ku70 and Ku80 and found that Ku recruitment was faster than laser stripes could be generated. Instead, we pulsed the laser at a single location while simultaneously recording video instead of time-lapse images. We detected Ku at damage sites within 1s after damage, and it continued to accumulate for approximately 10 s in most cells (Fig. 2b, Supplementary  Fig. 2 and Supplementary Movie 1) . Loss of the MRN complex did not appear to affect Ku recruitment. Therefore, immediately after DNA damage, the absence of either sensor does not substantially affect overall accumulation of the other.
Restoration of G2-M checkpoint in MRN-and Ku-deficient cells
The ATM kinase controls a crucial DNA-damage checkpoint at the transition between the G2 and M phases of the cell cycle 11 . This checkpoint prevents the passage of broken chromosomes to daughter cells, and its absence contributes to the cancer predisposition observed in patients with AT or certain inherited mutations in MRN genes 13 . We analyzed the G2-M checkpoint by assessing the effect of ionizing radiation (IR) on the mitotic index, as measured by the percentage of cells positive for the mitosis-entry marker phosphorylated (phospho-) histone H3 S10 . An intact checkpoint is reflected by a substantial reduction in the percentage of mitotic cells after IR (reduced mitotic index), whereas a defective checkpoint manifests as a comparatively higher percentage of cells passing into M phase (higher mitotic index).
As anticipated, we observed higher relative percentages of (Fig. 3a) . Unexpectedly, cells lacking both Mre11 and Ku70 displayed an intact G2-M checkpoint. Given the absence of both sensors, this suggested that another kinase (other than DNA-PKcs) may be substituting for ATM or that the G2-M checkpoint does not require a kinase. Strikingly, when we performed these experiments in the presence of pharmacologic inhibitors of ATM or DNA-PKcs, we found that the G2-M checkpoint was dependent on ATM (Fig. 3b) . Thus, the requirement for MRN in the ATM-dependent G2-M checkpoint appears to be alleviated by the absence of Ku.
MRN DNA-repair functions are not rescued by Ku deficiency
In addition to initiating signaling, MRN and Ku function directly in the repair of DSBs. The bypass of MRN′s requirement in activating the ATM-dependent G2-M checkpoint raises the possibility that requirements for MRN during DSB repair may be alleviated through removal of Ku. This notion is supported by studies in budding or fission yeast demonstrating that the IR-induced lethality of Mre11 deficiency is suppressed by deletion of Ku 24, 25 . We therefore examined the effects of Ku deficiency on MRN-dependent repair functions by examining IR sensitivities and the efficiencies of HDR in cells lacking one or both sensors. From the IR sensitivity of Mre11 −/− Ku70 −/− cells, we found no evidence for rescue of IR hypersensitivity by removal of Ku (Fig. 4a) . We used an integrated direct repeat (DR)-GFP reporter assay to measure HDR 26 (Fig. 4b) . The Mre11 c/− genotype indicates the parental cell line with two distinct Mre11 alleles (conditional (c) and null (−)). To provide matched controls for Mre11 deletion, we treated cells with either Adeno-Cre recombinase to generate Mre11 −/− or an empty adenovirus to maintain the Mre11 c/− genotype. Mre11 deficiency decreased HDR, whereas Ku deficiency elevated HDR relative to that of control cells (Fig. 4c) , as has been reported previously 14, 26 . In Ku-deficient cells, further removal of Mre11 decreased HDR by a percentage comparable to that caused by Mre11 removal in control cells (Fig. 4d) . Therefore we find no evidence for rescue of MRN-dependent HDR by Ku deficiency (Fig. 4c,d ). This is consistent with our finding that 
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To further understand ATM recruitment and the intact ATMdependent checkpoint in the absence of DSB sensors, we examined one of the earliest signaling events in the DSB response, phosphorylation of histone H2AX. This specialized histone is present in 2% to 25% of nucleosomes, depending on cell type, and is phosphorylated (with the phosphorylated form denoted γH2AX) for megabase regions on either side of a DSB 29 . γH2AX then serves as a platform for more extensive chromatin changes that are required to propagate DNA-damage responses 11 (schematic in Fig. 1a ). We induced DSBs by exposing MEFs to IR and measured total cellular γH2AX formation by immunoblotting. In addition, we determined the relative contributions of ATM and DNA-PKcs to this signaling by pretreating cells with specific pharmacologic kinase inhibitors.
In control cells (Mre11 +/− ), the ATM inhibitor markedly decreased H2AX phosphorylation, whereas DNA-PKcs inhibition had little effect ( Fig. 5b and Supplementary Data Set 1). In contrast, we observed the opposite pattern in MRN-deficient cells (Mre11 −/− ), wherein the DNA-PKcs inhibitor reduced H2AX phosphorylation to near-background levels. This result is consistent with models depicting a requirement for MRN in ATM recruitment and activation [9] [10] [11] (schematic in Fig. 1a) , and it demonstrates that DNA-PKcs can very efficiently substitute for ATM in phosphorylating H2AX Ku70 deficiency provided no rescue of Mre11 −/− early mouse embryonic lethality (Supplementary Table 1) , because functional HDR is required for early embryonic development 27 . Together, these findings indicate that in mammals, removal of Ku can largely bypass the need for MRN to activate the ATM-dependent G2-M checkpoint but not the need for MRN to facilitate homology-directed DSB repair.
ATM recruitment and activation in the absence of MRN and Ku
ATM is rapidly recruited to chromatin in the vicinity of DSBs 28 . This recruitment has been presumed to require interaction with MRN. We therefore used cellular fractionation to assess whether ATM is recruited to chromatin in the absence of MRN and Ku. We observed IR-induced chromatin localization of ATM in control cells (Mre11 +/− Ku70 +/+ ) but not in MRN-deficient cells (Mre11 −/− Ku70 +/+ ) ( Fig. 5a and Supplementary Data Set 1). Strikingly, when Ku was also absent (Mre11 −/− Ku70 −/− ) ATM chromatin localization was restored. Thus, the absence of Ku reveals that MRN is not strictly required for DNA damage-induced ATM chromatin localization. Fig. 5b and Supplementary Data Set 1). In Mre11 −/− Ku70 −/− cells, we observed substantial levels of γH2AX after IR. Importantly, this phosphorylation returned to being ATMdependent ( Fig. 5b and Supplementary Data Set 1). To determine whether this sensor-independent ATM activity is restricted to H2AX phosphorylation, we examined other ATM-dependent DNA damageresponse events (Supplementary Fig. 3 ). We observed IR-induced phosphorylation of both Kap1 and SMC1 (Supplementary Fig. 3a) .
Mitotic index (+IR/-IR)
As with H2AX phosphorylation, the degree of phosphorylation was less than in control cells (approximately one-third of control levels for pKap1) but was fully ATM dependent ( Supplementary Fig. 3b ).
Immunoblotting assesses γH2AX levels averaged across the genome in a cell population. γH2AX formation normally occurs in the vicinity of DSBs and can be visualized by immunofluorescence as punctate nuclear foci 29 . Therefore, to determine whether H2AX phosphorylation is distributed normally in the absence of DSB sensors, we compared γH2AX focus formation. We observed that, in agreement with immunoblot data (Fig. 5b) , γH2AX foci formation shifted dependency from ATM to DNA-PKcs when MRN was absent ( Fig. 5c and Supplementary  Fig. 4) . Importantly, when Ku was also removed, dependency returned to ATM. In each genotype, the majority of cells (65 to 80%) contained ten or more γH2AX foci, and the morphologies of these foci were all similar ( Fig. 5c and Supplementary Fig. 4) . Thus, as in normal cells, ATM activated in the absence of MRN and Ku is recruited to chromatin in the vicinity of DSBs to phosphorylate H2AX.
Rapid MDC1 recruitment in the absence of MRN and Ku
After H2AX is phosphorylated, it is bound by mediator of DNA damage checkpoint 1 (MDC1) 30, 31 . MDC1 then promotes recruitment of DNA-damage-response and checkpoint proteins to the chromatinflanking DSBs, thus ultimately leading to initiation of the G2-M cell-cycle checkpoint [31] [32] [33] . To gain further insight into the newly 
10 Gy 10 Gy 10 Gy npg a r t i c l e s discovered MRN-independent ATM activation and G2-M checkpoint initiation, we examined GFP-tagged MDC1 recruitment with live-cell imaging after laser microirradiation 34 . This approach permits visualization of recruitment within seconds to minutes after damage, far faster than timescales permitted in immunofluorescence-based experiments. Thus, ATM activation can be compared within the earliest timeframe of the DNA-damage response. We observed MDC1 recruitment by 15 s, and this recruitment was dependent on ATM (Fig. 6) , as previously shown 30 . When MRN was rendered deficient, MDC1 accumulated as rapidly and intensely as in control cells. However, this recruitment was dependent on DNA-PKcs (Fig. 6) . Thus, even during the rapid events immediately following damage, DNA-PKcs can locally substitute for ATM when MRN is absent. Further removal of Ku (MRN and Ku deficiency) had little effect on MDC1 recruitment, causing only a subtle delay of less than 15 s; however, strikingly, this robust recruitment was ATM dependent (Fig. 6) . Therefore, even within the first minute of the DSB response, ATM can function in the absence of MRN and Ku.
ATM activation over broad experimental conditions
We further investigated MRN-independent ATM activation by comparing various parameters to ATM activation in control cells. The pattern of γH2AX kinase dependency, determined over a variety of IR doses ranging from 0.5 to 75 Gy, did not differ at any dose tested (Supplementary Fig. 5a-c) . We also compared γH2AX levels over a time course after IR ranging from 15 min to 10 h (Fig. 7a and  Supplementary Fig. 5d ). H2AX phosphorylation was readily observable by immunoblotting in MRN and Ku deficiency throughout the time course. The peak intensity for both genotypes was similar, though it appeared delayed in MRN-and Ku-deficient cells: control cells achieved peak signal intensity by 30 min after IR, whereas Mre11 −/− Ku70 −/− cells did so 2 h after IR (Fig. 7a) . In addition, this time course revealed a persistence of H2AX phosphorylation in MRN-and Ku-deficient cells compared to controls. This result is consistent with the presence of unrepaired DSBs and is not unexpected given the HDR defect caused by Mre11 deficiency (Fig. 4c,d ) and the NHEJ defect caused by Ku70 deficiency 21 .
End resection and kinase activation
In the presence of MRN, single-stranded DNA (ssDNA) at a break has been shown in vitro to be a potent activator of ATM 12 . Recent work has demonstrated the importance of Mre11 nuclease-dependent end resection in the initiation and choice of DNA-repair pathways 2, 35 ; however, its role in kinase activation is less understood. To investigate roles of Mre11 nuclease activity, we generated Ku-null MEFs expressing Mre11 with a targeted single amino acid change (Mre11 H129N ) that abrogates DNA nuclease activities while maintaining normal MRN interactions and structure 14, 36 (schematic in Fig. 1b) . We found that Mre11 nuclease deficiency maintained ATM as the primary kinase after IR, with or without Ku70 (Fig. 7b  and Supplementary Fig. 6 ). This demonstrates that H2AX can be efficiently phosphorylated by DNA-PKcs when MRN is absent but not when a nuclease-deficient version of the complex is present. Therefore MRN-dependent resection appears to be dispensable in the rapid signaling response to DSBs.
The ATR kinase, another PIKK family member that functions in DNA-damage responses, is recruited and activated by ssDNA 37 . In certain contexts, it has been shown that ATR can phosphorylate and activate ATM 38 . Although Mre11 nuclease activity is dispensable for rapid signaling after damage, it remains possible that other nucleases could generate the ssDNA necessary to activate ATR 24, 25 . To investigate a role for ATR in MRN-independent ATM activation, we used a specific ATR kinase inhibitor to examine DNA-repair signaling in cells lacking MRN and Ku 39 . Chk1 at S345 is an established target of the ATR kinase, and its phosphorylation is used as a readout of ATR activity and inhibition. We found that ATM activation by IR in npg a r t i c l e s MRN-and Ku-deficient cells was similar to that in control cells and did not depend on ATR (Fig. 7c) .
Our results have shown that in the absence of MRN, DNA-PKcs can very efficiently substitute for ATM in phosphorylating H2AX during the DSB response (Figs. 5b and 7d-f and Supplementary Figs. 3a and 7a,e) . However, when MRN is present but dysfunctional (nuclease deficient), DNA-PKcs has no detectable effect on H2AX phosphorylation (Fig. 7b,d and Supplementary Fig. 7c,e) . This suggests that the presence of MRN at DSBs somehow prohibits DNA-PKcs from having a major role in H2AX phosphorylation. To assess this in more detail, we examined H2AX phosphorylation in the presence of the MRN complex but the absence of the ATM kinase, conditions in which another kinase would be needed to phosphorylate H2AX in response to damage. We found that DNA-PKcs has a limited ability to phosphorylate H2AX in the absence of ATM, but not to the extent observed in MRN-deficient cells (Fig. 7d,e and Supplementary  Fig. 7d,e) . These data support the hypothesis that the presence of the MRN complex at DSBs hinders the ability of DNA-PKcs to phosphorylate H2AX.
In normal cells that have suffered DSBs, active ATM is autophosphorylated at S1981 (S1987 in mice) 40 . Although this autophosphorylation site is not required for ATM kinase activity 41 , it nonetheless has served as a convenient experimental marker for ATM activation. Interestingly, we observed that ATM lacks S1981 phosphorylation in MRN-and Ku-deficient cells (Fig. 7f and Supplementary Figs. 5e  and 7a,b) . Therefore, the phosphorylation of ATM S1981 provides a molecular distinction between ATM activated in the presence versus the absence of MRN and Ku.
DISCUSSION
Here we have shown that in the absence of MRN, removal of Ku restores ATM chromatin localization, kinase activation and the G2-M cell-cycle checkpoint. In contrast, DNA-repair functions of MRN are not restored in the absence of Ku. These findings reveal that MRN is not absolutely required for recruitment and allosteric activation of ATM but that it instead functions to maximize or sustain ATM-dependent DSB responses. Unlike simple recruitment, activation of ATM appears to be strongly influenced by a rapid interplay between MRN and Ku occurring within seconds after DNA damage.
Previous studies have shown that Ku and MRN can compete for binding to DSBs in vitro 42 , and Ku must be removed from DNA ends to allow for HDR 43, 44 ; together, these results suggest some amount of competition between MRN and Ku in vivo. However, findings from our live cell-imaging studies suggest that simple competition does not predominate within the earliest seconds of the DSB response (Fig. 2, Supplementary Fig. 2 and Supplementary Movie 1) . These studies support the notion that both sensors bind DSBs rapidly, with Ku binding first and MRN joining shortly thereafter. Neither complex appears to require the other for recruitment to DSBs, and, importantly, within this narrow time frame that includes kinase activation, the absence of one sensor does not measurably affect the recruitment of the other. These findings substantially constrain the mechanism at work in the early DSB response. In this context, we speculate that there is a level of opposition in the functions of MRN and Ku at DNA ends that does not involve simple competition for initial binding.
In principle, the restoration of ATM function in MRN and Ku deficiency could result from the absence of DNA-PKcs kinase activity rather than from loss of Ku itself. If this were the case, the DNAPKcs kinase inhibitor would be expected to cause MRN-independent ATM activity and otherwise produce the same results as in MRN-and Figure 5b comparing pATM S1987 levels from these same extracts (uncropped images in Supplementary Data Set 1). Relative level of 
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Ku-deficient cells without the need for Ku deficiency. However, we did not observe this in our examinations of ATM-substrate phosphorylation and γH2AX kinetics (Figs. 5b and 7c-f and Supplementary  Figs. 3a, 5b,c and 7a,e) . Similarly, our observation that DNA-PKcs was able to substitute for ATM in phosphorylating H2AX when MRN was absent (Fig. 5b) raised the possibility that increased DNA-PKcs activity could result from a lack of ATM activity rather than from the absence of MRN. However, treatment with the ATM inhibitor in control cells did not allow DNA-PKcs to substitute for ATM (Figs. 5b  and 7c-f and Supplementary Figs. 3a, 5b,c and 7a) . We tested this hypothesis further by examining ATM-knockout cells in the presence and absence of the DNA-PKcs inhibitor and then comparing γH2AX immunoblot signals (Fig. 7d,e and Supplementary Fig. 7d,e) . In the absence of ATM, DNA-PKcs did show a modest ability to phosphorylate H2AX, but levels clearly remained below those observed in MRN-deficient cells, which were indistinguishable from control cells. These findings suggest that interplay among the DSB sensors plays the major part in controlling ATM activation, and kinase cross-talk makes a more minor contribution. We uncovered several lines of evidence that support the notion that MRN, although it is not essential for initial ATM activation, maximizes and sustains ATM-dependent responses. Phosphorylation of ATM substrates Kap1 and SMC1 in cells lacking MRN and Ku was not as robust as in control cells (Supplementary Fig. 3a,b and 7d) . In both cases, IR-induced phosphorylation was fully ATM dependent but was reduced by 60% to 70% (Supplementary Fig. 3b) . Detailed examination of the time course of H2AX phosphorylation revealed that peak levels of γH2AX were similar but were delayed approximately 1.5 h in MRN-and Ku-deficient cells compared to controls (Fig. 7a) . Live-cell imaging of γH2AX-dependent MDC1 recruitment demonstrated that MDC1 was rapidly recruited to sites of laser damage in cells of all the genotypes examined, but this recruitment was slightly decreased in MRN-and Ku-deficient cells 15 s after damage (Fig. 6) . This level of recruitment is near the limit of detection of the instrument used for this study, and thus interpretations must be restrained. Therefore, although antibody-based approaches that measure responses over longer times suggest a more substantial delay, our live-cell imaging indicated that any delay in ATM-dependent signaling in the absence of MRN and Ku is minimal during the critical first minute after DNA damage.
For MRN to influence ATM-dependent DSB responses, it must overcome the more rapid binding by Ku in vivo, which is capable of protecting ends [42] [43] [44] . The precise nature of how MRN overcomes this protection will require future studies, but the complex could conceivably eject Ku by converting DSBs to ssDNA ends, which are a poor substrate for Ku binding 43, 45 . MRN is known to possess two activities that can generate ssDNA: the nuclease activities of Mre11 and ATP-dependent DNA unwinding by Rad50 (ref. 46) . The endonuclease activity of Mre11 initiates processing at a short distance away from the break and could therefore occur even when Ku is bound 35 . However, we have ruled out a requirement for Mre11 nuclease activity in kinase activation (Fig. 7b,d,e and Supplementary Figs. 6 and 7c,e) , thus suggesting a role for Rad50's ATP-dependent DNA unwinding and the recently discovered dramatic conformational changes in Rad50 structure 12, 47 .
The newly uncovered MRN-independent activation of ATM presented here represents a notable advance in understanding of the early DSB response. The ability of ATM to function in the absence of MRN helps to explain studies in mice engineered to lack the ATM-interacting domain of NBS1, which display surprisingly minimal AT-like phenotypes 48, 49 . The strong requirement for MRN only in the presence of Ku revealed in this study suggests that a key function for MRN in ATM activation is to oppose Ku at DSBs to expose DNA ends. This notion is supported by prior in vitro studies 12, 15, 50 , including a study from Xenopus oocyte extracts that has shown that ATM can be activated in the absence of MRN, but only when relatively higher levels of DNA ends are added 15 . Further studies will be needed to determine whether an unknown factor is required for ATM recruitment and activation or whether ATM is in fact activated directly by DNA ends in vivo 50 .
METHODS
Methods and any associated references are available in the online version of the paper. 
